In inclusive P-wave charmonium decay, to cancel infrared divergence in the colour singlet contribution requires the inclusion of the colour octet which becomes degenerate with the former in the infrared limit. In the corresponding exclusive decay, such an infrared divergence does not exist. On this ground, it becomes doubtful whether the colour octet is needed in exclusive reactions. A contradiction in the underlying picture, however, would result once all strong decay channels are summed. We provide an answer to this question in support of the colour octet with theoretical arguments as well as an explicit calculation of χ J −→ pp.
Introduction
Within the standard hard scattering approach (SHSA) of Brodsky and Lepage [1] for exclusive reactions and the later modified version (MHSA) of Botts, Li and Sterman [2, 3] , higher Fock states are usually suppressed due to the necessary hard momentum exchange for ensuring that the constituents of each outgoing hadrons are almost collinear. As a consequence, only the knowledge of valence Fock states is necessary. However, there are exceptions. For example, this might not be true when there are suppression mechanisms at work due to helicity conservation, flavour symmetry, higher-wave wavefunctions etc.. Indeed, it has been shown in inclusive P-wave charmonium decay [4, 5] that the next higher Fock state, the so-called colour octet, where the constituents of the charmonium consist of the usual charm-anticharm pair and an additional constituent gluon, is needed not only for an infrared safe inclusive decay rate but also because they are of the same order within a non-relativistic QCD velocity expansion formalism.
Turning to exclusive processes, the same octet mechanism should also be at work in χ J decays. However without a manifestation of an infrared divergence, the necessity of the colour octet was never there. In this letter, we shall try to clarify this issue. The paper is organized as follows. In the next section, we will describe the situation in inclusive decay and provide the main motivation for what are to follow. In Sec. 3, the role of the orbital angular momentum of the quarkonium and its effect on the annihilation are explained in a language consistent with the calculation scheme we use below. Then power counting arguments for the colour octet is provided in Sec. 4 . The remaining sections are dedicated to explicit calculations. First we will show in Sec. 5 that the colour singlet contribution in χ J −→ pp within the MHSA is not sufficient, and then the method of calculating the octet contribution within the SHSA will be explained in Sec. 6 . The results of combining the singlet and octet contribution within the latter framework will be given and compared with experiments.
Is Colour Octet Necessary In Exclusive Decay?
In the early 70's, inclusive decay of charmonium was studied by Barbieri et al [6, 7] in a series of papers. The family of quarkonia, which consists of members made up of bound state of heavy quark-antiquark pair, are special because they can be treated non-relativistically. These systems decay strongly via annihilation into gluons. The Pwave charmonia, which are our central interest in this letter, decay through two gluons at leading order in α s ( Fig. 1 (a) ). In the rest frame, two gluon depart back-to-back with their kinematics completely fixed. The decay probability amplitudes are therefore regular, free from any divergence as a result. This is the case for χ 0 and χ 2 at leading order. For χ 1 , the same decay into two massless spin-1 gluons is forbidden. The leading process in this case is the decay into a gluon and a quark-antiquark pair. A three-body final state is less restrictive and has more kinematic freedom. In particular, the quark The leading decay process for (a) χ 0 and χ 2 and (b) χ 1 . A possible decay of the higher Fock state, the colour octet, of the χ J is shown in (c). In the infrared limit of the outgoing gluon, (b) and (c) are degenerate.
and antiquark can now depart near back-to-back leaving the gluon to take the remaining energy-momentum and thus ensuring the latters are conserved. This means that there is no lower limit to how soft the gluon can be. It is well known that there is an infrared divergence in the tree graph as shown in Fig. 1 (b) , that is, provided that all external legs are put on the mass-shell. In view of the divergence, it was decided in [6, 7] that since the cc was really coming from a bound state so it was perhaps more appropriate for the heavy quarks to be off-shell. This off-shellness must correspond to the bound state energy ǫ. With this as a cutoff, the inclusive decay width acquires a logarithmic ǫ dependence
The same problem actually occurs also in the inclusive decay of χ 0 and χ 2 but at nextto-leading order. This form of the logarithmic dependence on the binding energy of the width was left alone until the 90's. The emergence of the colour octet higher Fock state of charmonium and the realization of its importance to P-wave charmonium enable finally the cancellation of this infrared divergence [4, 5] . In the infrared limit of the emitted gluon, the singlet decay graph becomes degenerate with the annihilation of a cc in a colour octet state intowith an accompanying soft spectator gluon. This is illustrated in Fig. 1 (c). The infrared divergence cancels between Fig. 1 (b) and (c). Thus in inclusive decay because of infrared divergence, it is incorrect to separate the valence colour singlet state from the higher colour octet state for a P-wave charmonium. Both have to be included to ensure infrared safe calculations. The same, however, cannot be said in exclusive decay.
By stipulating what final states should be observed, the infrared problem is removed. The kinematics of decaying from a P-wave charmonium bound state into other bound states does not allow any infrared divergence. Since no problem was encountered, it was traditional to calculate the partial decay widths using only the colour singlet valence Fock state [8, 9, 10, 11, 12] and claims were made that these calculations could give results in agreement with experimental measurements. In view of the development in inclusive decay, it is unavoidable to ask the question whether colour octet is needed if one concentrates on just a few decay channels. If the answer is no, then there would be a contradiction since although the partial width of each individual channel could be worked out separately but the total sum must agree with the total hadronic width. With the lack of the same infrared divergence, one needs a more compelling reason than the less tangible claim of a contradiction to introduce the colour octet in exclusive decay. We will provide an argument to this effect in the following two sections.
Angular Momentum Barrier To Annihilation
Charmonium decays strongly via annihilation into gluons. The heavy mass of the cc system means that the heavy quark and antiquark tend to come close to each other when the annihilation is taking place. The probability of small spatial separation of the cc will then affects the likelihood of the annihilation to take place. For a S-wave charmonium, the probability of spatial distribution is largest at small distance so it is favourable for the annihilation. But for a P-wave, the L = 1 orbital angular momentum of the cc forces them apart and the probability for the heavy fermions to be near each other tends to be very small and, in fact, vanishes at zero separation. For this reason, the annihilation of a P-wave charmonium into gluons is suppressed by this angular momentum barrier.
To get an idea of the actual size of the suppression, one only has to examine the charmonium wavefunction, which contains all the information of the spatial distribution of the bound state system. In the case of a S-wave, annihilation occurs at a length scale L ∼ 1/M, the inverse of the charmonium mass. The probability amplitude for the annihilation then depends on ψ S (L ∼ 1/M) ≃ ψ S (L ∼ 0) the wavefunction at the origin. As for a P-wave, because of angular momentum ψ P (0) = 0, so the product of L and the first derivative of the wavefunction has to be used instead
Fourier transforming these wavefunctions into momentum space, we have S-wave:
where k is the internal transverse momenta of the quarkonium of the order of a few hundreds MeV. It is now obvious that the suppression in the P-wave wavefunction is of the form 1/M which is substantial for a heavy charmonium to decay through annihilation into gluons.
Power Counting In The Decay Probability Amplitude
In the last section, we showed that P-wave charmonium annihilation was unfavourable in comparison to S-wave because of the angular momentum barrier. To answer the question (4) and (5).
we posed earlier, it remains to show how this fact brings about the need of the colour octet. To do that we need to examine the large scale dependence of the decay probability amplitude or more specifically to perform power counting using that scale. The simplest scheme to work out a decay amplitude is via the hard scattering scheme already mentioned at the beginning. In this SHSA method, the decay amplitudes for a charmonium C = J/ψ, χ J , . . . to decay into a pair of pseudoscalars P = π, K, . . . etc. and a proton-antiproton pair pp have the form
and
respectively. In Eqs. (2) and (3), the amplitudes are each given by a convolution over probability amplitudes φ's and the hard perturbative part T H . The partial decay width in each case is given by Γ ∼ |M| 2 /M C . So M is of mass dimension one. In these amplitudes, only the decay constants f 's and T H carry a mass dimension of some power. These must altogether make up for the right mass dimension of M. Since each product f φ is nothing but the internal transverse momenta integrated light-cone wavefunction
where Q is some large cutoff scale, given approximately by the large scale of the hard process in question, for the N − 1 internal momentum integrals over the N particle wavefunction ψ, and x represents collectively (x 1 , . . . , x N ) the light-cone fractions. The normalization of the wavefunction is given by
Here P is the probability of this particular hadron to be in this state with N constituents and is of course a dimensionless number. Using Eqs. (4) and (5), the mass dimension of the decay constant of any hadrons can be deduced. In Table 1 , the mass dimensions of the decay constants together with the number of constituents of several hadrons are listed. The odd one in the table is the decay constant of the colour singlet χ
J which has a dimension of two although it is coming from a 2-particle wavefunction. The reason for this is that as we have already discussed, the P-wave wavefunction vanishes at the origin so the product of the first derivative of the wavefunction at the origin and the annihilation size L is used instead. This has the effect of increasing the mass dimension of the decay constant by one.
Since the decay process of C has only one large scale, that is the charmonium mass M C , T H must contain sufficient power of this scale to make up for the mass dimension of M. So in the following decay processes, the power counting over M C of the C in the colour singlet M (0) and octet amplitude M (8) goes as follows
contribution to J/ψ decay is indeed suppressed by 1/M J/ψ . Comparing the colour singlet decay of the J/ψ in Eqs. (6) and (8) and the χ J decay in Eqs. (10) and (12) shows that the J/ψ amplitude is larger by a power of M J/ψ in both cases. The reason for this is due precisely to the fact that the P-wave charmonium wavefunction is suppressed by 1/M χ J because of the L = 1 angular momentum as explained in the previous section. Without this angular momentum suppression, the colour octet contribution in χ J decays could be neglected. But as it is, provided that there is no other form of significant suppression, which is indeed true [13, 14, 15] , colour octet contribution must be included.
Colour Singlet Contribution in the Modified Hard Scattering Approach
The previous sections provided the arguments for the inclusion of the colour octet in χ J decay. The decay into pseudoscalars with the octet contribution has been considered in [13, 14] . In this section, we will show by explicit calculation, that the size of the colour singlet contribution to the decay into proton-antiproton is small in comparison with the experimental partial width. The scheme that we use is the MHSA because of two advantages it has over the SHSA. The first is the renormalization scales in α s 's are determined dynamically by the virtualities that flow in the diagrams that represent the decay process. The second is the problematic endpoint regions of the distribution amplitudes where the virtualities tend to approach Λ QCD are suppressed by the inclusion of the Sudakov factor exp{−S}. The decay probability amplitude takes the form
The α s in T H is expressed in such a way to signify that the coupling, although hidden within the hard part, is part of the convolution and is not taken outside as a prefactor as in the SHSA. As can be seen, proton wavefunction has to be used. This is potentially problematic because of all the uncertainties surrounding the distribution amplitude of the proton. Although proton model wavefunctions exist via QCD sum rule derivation (see any of the refs. [8, 16, 17, 18, 19, 20] ), none of them could describe the proton magnetic form factor below Q 2 ∼ 50 GeV 2 in a self-consistent manner [21, 22] . Fortunately by relinquishing a formal derivation, one can turn to a phenomenological approach. Since the high momentum tail of the wavefunction is clearly not dominant in present day experimental accessible regions -Q 2 even up to 70-100 GeV 2 are still nowhere near the asymptotic region as far as the proton is concerned -the soft part of the wavefunction must still be dominant up to this range. Then by fitting the soft overlap of the initial and final proton wavefunction, or the so-called soft Feynman contribution to the magnetic form factor, to experimental constraints such as the J/ψ −→ pp decay width to proton-antiproton, proton valence quark distribution and the magnetic form factor measurements, a model proton wavefunction can be constructed [23] . This, by construction, works automatically in the Q 2 ∼ 10 GeV 2 region, which is precisely the region of interest in this letter. The proton wavefunction is given by
where the decay constant f p and the distribution amplitude φ p 123 in the scalar function
depend on the factorization scale µ F , and the two measures in square brackets are the usual ones
The internal transverse momentum dependent part can best be expressed as a Gaussian
where a p = 0.75 GeV −1 is the transverse size parameter and f p (µ 0 ) = 6.64 × 10 −3 GeV 2 at the reference scale µ 0 = 1.0 GeV. These values are obtained in the construction in [23] . The proton distribution amplitude in terms of the Appell polynomialsφ n 123 's, the scale dependent expansion coefficients B p n (µ F ) and the asymptotic distribution amplitude
Eq. (20) shows the rather simple form of φ p 123 at the scale µ 0 . For the scale dependent expression of B p n (µ F ) and f p (µ F ) and those of the more general baryon wavefunctions, we refer the readers to our forthcoming paper [15] .
Equipped with this proton wavefunction, we are ready to work out the perturbative hard part T H in MHSA. Because of C-parity conservation [24] , the colour singlet χ J component can only annihilate into proton-antiproton through two gluons [15] . The Feynman graphs are depicted in Fig. 2 . The three light quark lines in each case can be permutated further to give more graphs but these can be included by a symmetry 
worked out to be [15] T
The H are the modified Bessel functions of the second kind. The renormalization scales t 1 , t 2 and t 3 in the α s 's are determined by the largest of either the virtualities in the neighbourhood of the vertices associated with each α s or the smallest transverse separation b or b ′ of the constituents of the proton or antiproton in accordance to the method described in [2, 3, 22] Table 2 : Comparing colour singlet contribution of χ J decay into pp to the experimental data.
¡ ¡ µ´ µ Figure 3 : Example of two ways to achieve colour neutralization.
Combining Colour Singlet and Octet Contribution in the Standard Hard Scattering Approach
In the last section, we have shown that colour singlet contribution is not enough to account for the experimental measurements contradicting all earlier similar calculations done before the emergence of the colour octet state in P-wave charmonium and the associated improved understanding of the role of the higher Fock state of the quarkonium. It remains to show that the colour singlet and octet combination do indeed provide reasonable agreement to experimental data. We will outline the method of dealing with the colour octet and describe our calculations. The combined results will be shown but the details will be presented elsewhere [15] . The colour singlet calculation above was performed within the MHSA because of the two already mentioned advantages. The drawback of this scheme is, however, that it is more complicated to do a calculation in it. One has to include full wavefunctions and not only the distribution amplitudes. This means internal transverse momenta have to be kept in the hard perturbative part T H . For the colour singlet contribution to χ J decay, this proves to be manageable. We have seen the transverse separation space version of T H in Eq. (23) . It contains several hypergeometric functions and is therefore non-trivial. In the case of the colour octet, we will see presently that the calculation involves many more diagrams. In addition, proton and antiproton each carries three valence quarks. All these add up to the dimensions of the numerical integrations and complicate the calculation much more. The previous calculation was done within the MHSA to avoid the ambiguity of having to choose a renormalization scale by hand for α s since the decay widths depend on the sixth power of the coupling α 6 s which leaves too much freedom or there is a lack of constraint to arrive at results that agree with data. In view of the complexity of MHSA, we will keep the calculation simple and avoid tangling ourselves in MHSA in the high dimensional computations by retreating back to the SHSA.
As is now well known, the colour octet state of a P-wave charmonium includes, in addition to the usual cc, a constituent gluon. The presence of this in the initial state requires it to be properly "put away" in the final hadrons in order not to have a net colour. This colour neutralization can be achieved in two different ways. The first is to allow this gluon to enter directly into or be a constituent in the final wavefunction of one of the outgoing hadrons. An example is shown in Fig. 3 (a) . SHSA requires that no participant in the hard interaction to be disconnected from the rest as a consequence of the collinear approximation in SHSA. That is all constituents of any hadrons, be they part of an incoming or outgoing hadron, must be almost collinear. Therefore the connectedness of the constituents will ensure the even distribution of the hard momenta amongst the final constituents. The alternative is to let the constituent gluon be part of the hard perturbative part, that is to let it enter and end in T H . Fig. 3 (b) shows this alternative. Comparing Fig. 3 (a) and (b) , it is clear that the first is down by 1/M χ J assuming hard momenta run through all connecting lines in T H as is usual in SHSA. Moreover, by including a higher Fock state in one of the outgoing hadrons will lead to extra suppression due to the smaller probability of that state, not to mention the undesirable involvement of further unknown wavefunction. The second possibility will be our choice for colour neutralization in the rest of this paper.
As we mentioned earlier, C-parity only permits the cc to annihilate through two gluons in the colour singlet contribution. On the contrary in the colour octet, the very presence of a constituent gluon in the initial state enables many more possibilities. The heavy quark-antiquark, which is now protected from the C-parity constraint by the constituent gluon, can annihilate through one, two and three gluons. Fig. 3 (b) is an example of the latter and Fig. 4 (a) and (b) show a one-gluon and a two-gluon possibility, respectively. Fig. 4 (a) and Fig. 3 (b) are not permitted in the singlet case. In all, the graphs can be divided into ten groups that base on ten basic graphs from which the members of each group are constructed. The four graphs in Fig. 2 are in fact counted as a basic graph of one such group since they are related by symmetry. The members of this particular group is generated by using the afore-mentioned colour neutralization method. That is to let the constituent gluon end in all possible allowed position on the basic graph as part of T H . This generates about ten graphs in all for this group of which Fig. 4 (b) is a member. The basic graphs of the ten groups are given in [15] .
The decay amplitude has the form of Eq. (3 Table 3 : The colour singlet and octet combined partial decay width within the SHSA of χ J decay into proton-antiproton. Experimental measurements are also shown for comparison.
distribution amplitudes. That of the proton is shown in Sec. 5. The relevant part is obtained by going to transverse position b-space and setting b = 0 in the wavefunction or equivalently one can integrate out the transverse momenta k ⊥ in momentum space as shown in Eq. (4). The other distribution amplitude or the wavefunction that we need is the colour octet of the χ J . It has to be constructed because the importance of the colour octet in exclusive reactions has not be realized up to now. They can be expressed as
where S
Jν (p) is the spin-wavefunction [13, 15] . It is most convenient to use a product of delta functions for the distribution amplitude φ z 2 , z 3 ) to set z = 0.15 for the constituent gluon and dividing the remaining momentum fractions z 1 = z 2 = (1 − z)/2 for the heavy quarks. This value of z was found to be most appropriate in [13] and the decay constant f χ 1 is therefore unconstrained but it is expected to be of the same order. The hard part T H of the singlet contribution is essentially the b = b ′ = 0 version of Eq. (23) whereas that of the octet contribution now comes from an evaluation and summation over all members of the ten contributing groups. This has been done in [15] . The calculation is tedious but all necessary algebra can be handled by computer. We found a somewhat smaller value at f (8) χ 1 = 0.225 × 10 −3 GeV 2 for χ 1 from the decay into pp. Our results are shown in Table 3 . For experimental errors, the readers can consult ref. [26] . As mentioned before, the disagreement in the measurements between PDG and BES collaboration forces us to settle around the average of the two sets of results. This is also the case for the decay mode χ J −→ ππ. Once a better agreement amongst the experiments is reached, the decay constants will have to be adjusted accordingly.
As we have mentioned already in Sec. 5, in the case that the true values are close to either set. Colour singlet alone cannot account for the measured decay widths. We have outlined and described our method to include the colour octet. As can be seen from above, with the colour octet contribution the theoretical situation is in a much better shape. Note that the χ J singlet wavefunction is well known and in the MHSA, there is no free parameter in the calculation. As to the colour octet wavefunction, that of the χ 2 is completely fixed by χ 2 −→ ππ and therefore there is no remaining freedom left in χ 2 −→ pp. The value of f (8) χ 1 although cannot be fixed by the pseudoscalar decay mode like the χ 2 , the somewhat smaller value but still at the same order as that of the χ 2 can be viewed as a consistent result. Since χ 1 is a somewhat different P-wave charmonium from its even spin partners, one is not too surprising that the result is as it is.
To summarize, we have provided arguments in support of the inclusion of colour octet in P-wave charmonium decay and by explicit calculation, have shown that although the same infrared divergence in inclusive decay does not exist in exclusive process, for consistency this next higher Fock state of the P-wave charmonium must still be included. With that, the would-be contradiction discussed at the end of Sec. 2 is resolved. The applicability of our arguments is obviously not restricted only to charmonia. In fact, they are true for even heavier quarkonia such as bb. We have generalized this calculation to χ J decay into all kinetically allowed flavour octet and decuplet baryon-antibaryon pairs. The details are described in our forthcoming paper [15] .
